Running title: Engineering cellobiose and xylose metabolism in P. putida transported into the cells through the ABC complex formed by native proteins PP1015-PP1018.
Introduction 1
Due to the physicochemical stresses that prevail in the niches in which the soil bacterium 2 Pseudomonas putida thrives (it is typically abundant in sites contaminated by industrial 3 pollutants), this microorganism is endowed with a large number of traits desirable in hosts of 4 harsh biotransformations of industrial interest . The P. putida strain KT2440 5 is a saprophytic, non-pathogenic, GRAS-certified (Generally Recognized as Safe) bacterium; 6 as the most thoroughly characterized laboratory pseudomonad, it has an expanding catalogue ethanol, p-coumaric acid, toluene) and to by-products of biomass hydrolysis (furfural, 5- Gcd. Xylose metabolism in P. putida was established by implantating of xylose isomerase 8 XylA, xylulokinase XylB, and xylose-proton symporter XylE from E. coli. For the purpose of 9 cellobiose and xylose co-utilization, an expression cassette with the bglC gene was inserted 10 into the chromosome of P. putida EM42 Δgcd, while the synthetic xylABE operon was 11 expressed from the low copy pSEVA2213 plasmid under the constitutive pEM7 promoter. The 12 EM42 Δgcd mutant was used to avoid xylose conversion by glucose dehydrogenase to dead-13 end product D-xylonate. PQQ, pyrroloquinoline quinone; Glk, glucokinase; TCA cycle, 14 tricarboxylic acid cycle; OM, (outer membrane); IM (inner membrane). 2 All bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli 3 strains used for cloning or triparental mating were routinely grown in lysogeny broth (LB; 10 4 g L -1 tryptone, 5 g L -1 yeast extract, 5 g L -1 NaCl) with agitation (170 rpm) at 37°C.
Bacterial strains, plasmids, and growth conditions

5
Cloramphenicol (Cm, 30 μg mL -1 ) was supplemented to the medium with E. coli helper strain 6 HB101. Pseudomonas putida recombinants were routinely pre-cultured overnight in 2.5 mL of E. coli recombinants. Cells were resuspended to OD600 of 0.1 in 25 mL of the same medium 16 with kanamycin (Km, 50 µg mL -1 ), in case of recombinants with pSEVA2213 or pSEVA238 17 plasmid, or streptomycin (Sm, 60 µg mL -1 ), in case of P. putida EM42 Δgcd bglC, and with 
Plasmid and strain constructions
1 DNA was manipulated using standard laboratory protocols (Sambrook and Russell, 2001 ).
2
Genomic DNA was isolated using GenElute bacterial genomic DNA kit (Sigma-Aldrich, 3 USA). Plasmid DNA was isolated with QIAprep Spin Miniprep kit (Qiagen, USA). The 4 oligonucleotide primers used in this study (Table S1 ) were purchased from Sigma-Aldrich 5 (USA). The genes of interest were amplified by polymerase chain reaction (PCR) using Q5 determined by two-round arbitrary primed PCR with Arb6, Arb2, ME-O-Sm-Ext-F, and ME-
11
O-Sm-Int-F primers ( nm with UV/Vis spectrophotometer Ultrospec 2100 (Biochrom, UK) and activity was 10 calculated using calibration curve prepared with p-nitrophenol standard (Sigma-Aldrich,
USA). β-glucosidase activity in culture supernatants was measured correspondingly with 166 12 μL of culture supernatant in 600 μL of reaction mixture.
13
Activity of xylose isomerase (XylA) was measured as described by Le Meur and co- Both in xylose isomerase and xylulokinase assay, the depletion of NADH was measured 3 spectrophotometrically at 340 nm with Victor 2 1420 Multilabel Counter (Perkin Elmer, USA).
4
Molar extinction coefficient of 6.22 mM -1 cm -1 for NADH was used for activity calculations. 
SDS-PAGE and Western blot analyses
12
CFE for determination of expression levels of selected enzymes were prepared using cell 13 pellets from cultures induced with 1 mM 3MB and lysed with BugBuster Protein Exctraction
14
Reagent as described above. Samples of CFE containing 5 μg of total protein were added with 15 5x Laemmli buffer, boiled at 95°C for 5 min and separated by SDS-PAGE using 12 % gels.
16
CFE prepared from P. putida cells with empty pSEVA238 plasmid was used as control. Gels
17
were stained with Coomassie Brilliant Blue R-250 (Fluka/Sigma-Aldrich, Switzerland).
18
The staining step was omitted for Western blotting. Instead, proteins were 
Other analytical techniques
13
Cell growth was monitored by measuring absorbance of a cell suspension at 600 nm using 1 . Column temperature was 30°C. Chemicals were identified using pure compound standards.
22
Glucose and xylose concentrations in culture supernatants were also determined by Glucose
23
(GO) Assay Kit (Sigma-Aldrich, USA) and Xylose Assay Kit (Megazyme, Ireland), 24 respectively. Xylonic acid was measured using the hydroxamate method (Lien, 1959 of this platform strain on the disaccharide (Fig. 2A) . The absence of cellobiose assimilation 
10
This last approach was also recently used for P. putida KT2440, but surface display of three genes was cloned into the pSEVA238 plasmid downstream of the inducible XylS/Pm promoter.
11
We tested the effect of gene expression on EM42 viability, as well as soluble protein production
12
and enzyme activity in cell-free extracts (CFE).
13
All three enzymes were produced in the soluble fraction of the P. putida chassis grown 14 in LB medium (Fig. S1A) , but only Ccel_2454 and BglC showed measurable -glucosidase 15 activity. No activity was detected in CFE containing endogenous BglX, whose overexpression 16 also had a clear toxic effect on the host (Fig. S2) . Absence of BglX -glucosidase activity cellobiose as a sole carbon source. In this preliminary shake flask experiment, the OD600 at 48 5 h was 3.6 (data not shown).
6
The bglC gene was subsequently subcloned into the low copy plasmid pSEVA2213 (Fig. 2B, Table 2 ). The substrate consumption rate and biomass
11
yield parameters were about 40 % and 20 % lower, respectively, than those of P. putida EM42 12 pSEVA2213 cultured in minimal medium with glucose ( a The specific growth rate (μ) was determined during exponential growth.
4
b The substrate consumption rate for cellobiose and glucose was determined for the initial 12 and 24 h of culture.
5
c The biomass yield on substrate (YX/S) was determined 24 h after each culture began to grow exponentially.
6
d Specific activities were determined in cell free extracts prepared from cells grown on cellobiose to A600 = 1.0. 
Understanding cellobiose transport in P. putida EM42
13
To decipher transport pathways for cellobiose (a glucose dimer) in P. putida, we first 14 focused on the well-described importation of monomeric glucose (del Castillo et al., 2007).
15
There are two routes for glucose assimilation in P. putida KT2440. The first route encompasses The second is a periplasmic pathway formed by membrane-bound PQQ-dependent glucose in EM42 strain, we deleted the gtsABCD operon that encodes the ABC glucose transporter.
9
The mutant transformed with the pSEVA2213_bglC plasmid showed a substantially prolonged
10
(~7 h) adaptation phase on cellobiose (Fig. 2C) . Three determined growth parameters were 11 reduced when compared with P. putida EM42 pSEVA2213_bglC ( Table 2) . The results
12
suggested that the glucose ABC transporter plays an important role in cellobiose uptake, but is 13 not the only access route for the disaccharide in P. putida.
14
Closure of the second glucose uptake route by deleting the glucose dehydrogenase gene 15 gcd in P. putida EM42 had no notable effect on growth on cellobiose, but slightly prolonged Hence, the detailed functioning of the peripheral oxidative route in upper cellobiose 11 metabolism in P. putida remains to be elucidated by our future experiments.
12
From the acquired growth parameters of these P. putida mutants, it can be deduced that 13 the direct phosphorylation route is of major importance for cellobiose assimilation. On the 14 other hand, experimental evidence shows that glucose enters P. putida cells predominantly 15 through the peripheral oxidative pathway . Despite these opposing access 16 route preferences, when P. putida EM42 pSEVA2213_bglC was exposed to a mixture of the 17 two sugars (2 g L -1 each), we observed diauxic growth (Fig. 2F) . Glucose was utilized first that monomeric hexose is a preferred substrate in the mixture of the two carbon sources. two means at P < 0.05 (*) or P < 0.01 (**). We determined ATP levels in EM42 pSEVA2213 and EM42 pSEVA2213_bglC strains 13 grown on glucose and cellobiose, respectively, to evaluate the effect of altered substrate on P. 14 putida energy status (Fig. 3A) . Indeed, the ATP level in P. putida grown on cellobiose was (Fig. 1) . We aimed at following the same strategy in our study.
16
We first verified the absence of xylose catabolism in P. putida EM42. Our 17 bioinformatic analysis confirmed that the KT2440 genome has no genes that encode 18 homologues of E. coli XylA or XylB proteins. The EM42 strain was then incubated in minimal 19 medium with xylose, and the cell density and substrate concentration were measured for five 20 consecutive days (Fig. 4A) . No growth was detected, despite the fact that only 10% of the 21 starting xylose concentration was detected in the culture medium after five days. Meijnen and 22 co-workers (2008) described a similar phenomenon for engineered P. putida S12. In that case,
23
the majority of D-xylose was oxidized to the dead-end product D-xylonate by the periplasmic 24 glucose dehydrogenase Gcd. In fact, xylonate concentrations determined in samples from the 1 five-day experiment with the strain EM42 suggested that all xylose was converted to the acid, 2 which was not assimilated by the cells (Fig. 4A) . Xylonate formation was accompanied by a implanted the isomerase pathway in the KT2440 strain. To avoid accumulation of an undesirable metabolite, we transplanted the xylAB 8 fragment of the xyl operon from E. coli BL21 (DE3), which encodes xylose isomerase XylA 9 and xylulokinase XylB, directly to P. putida EM42 Δgcd. The xylAB fragment was amplified 10 as a whole. The xylA gene (SI sequences) was provided with a consensus RBS, with the native
11
RBS maintained upstream of the xylB gene. The fragment was cloned into pSEVA2213 and 12 xylAB expression was verified in the EM42 Δgcd strain (Fig. S3) . XylA and XylB activities 13 determined in CFE were higher than those reported for engineered P. putida S12 growing on Fig. 4B ).
16
When xylonate accumulation no longer hindered efficient cell use of xylose, we found substrate 17 transport to be another bottleneck to xylose metabolism in this host. This was not anticipated 
20
In another report, an upregulated glucose ABC transporter was nonetheless defined as one of 21 the major changes that shaped laboratory-evolved P. putida S12 towards rapid growth on a The specific growth rate (μ) was determined during exponential growth.
4
b The xylose consumption rate was determined for the initial 24 h of culture.
5
c The biomass yield on substrate (YX/S) was determined 24 h after each culture began exponentiall growth.
6
d Specific activities were determined in cell free extracts prepared from cells grown on xylose to OD600 = 1.0.
8 9 10
The xylose-proton symporter XylE from E. coli is a relatively small (491 amino acids) XylE-GFP chimera is predominant in membrane regions. Once we confirmed correct XylE expression and localization in P. putida, the EM42
11
Δgcd strain was transformed with the pSEVA2213_xylABE construct to test functioning of the 12 whole synthetic operon. Co-expression of the exogenous transporter with xylose isomerase and
13
xylulokinase genes improved the specific growth rate on xylose by 8-fold when compared with 14 the recombinant without xylE (Fig. 4C and Table 2 ); improvement was also observed for other 15 growth parameters ( Table 2 ). The faster growth of the recombinant bearing the xylABE 16 synthetic operon could not be attributed to changes in XylA or XylB activitity ( detected in culture supernatants after 24 h (Fig. 6B) . In cultures of the negative control P. 20 putida EM42 Δgcd pSEVA2213 lacking the xylABE operon, the xylose concentration dropped 21 by only 13% in the same time period (Fig. 6A) . It is possible that some xylose entered the cells
22
by non-specific transport routes. The presence of the additional carbon source significantly accelerated xylose assimilation by recombinant P. putida (Fig. 6B) . On average, 2 g L -1 of 24 37 xylose were consumed during the initial 24 h of co-utilization experiments, while <1 g L -1 was 1 mineralized in cultures with pentose alone at a starting concentration of 5 g L -1 (Fig. 4C) . The 2 substrate consumption rate of xylose was nonetheless still lower than that of glucose, which 3 caused two-phase growth of the EM42 Δgcd pSEVA2213_xylABE strain on two sugars at the 4 same starting concentration (Fig. 6B) . This experiment demonstrated the ability of engineered
5
P. putida to co-utilize hexose and pentose without CCR. 
Fig. S4).
The insertion had no effect on cell viability either in rich LB medium or in minimal 17 medium with citrate as the gluconeogenic carbon source (Fig. S5) . 18 Hence, P. putida EM42 Δgcd bglC was transformed with the pSEVA2213_xylABE 19 construct, and the resulting recombinant used for co-utilization experiments. Cells were 20 incubated in minimal medium with cellobiose and xylose at equal concentrations (2 g L -1 ).
21
Once again, both substrates were co-utilized rapidly; no residual carbohydrate was detected in 22 supernatants after 28 h culture (Fig. 6C) . Xylose was assimilated slower than cellobiose. We cellobiose, xylose, and glucose at 2 g L -1 concentration each (Fig. 6D) . While xylose 1 consumption remained unafected by presence of glucose in medium, cellobiose uptake was 2 notably accelerated. In contrast, glucose concentration in the culture supernatants increased 3 untill cellobiose was consumed and then all the hexose was co-utilized with remaining xylose. 4 We argue that glucose, present in the medium already at the beginning of the culture, allowed phosporylation route appears to be the major uptake pathway for cellobiose, but up to 80-90% 8 of glucose is assimilated through the oxidative route in P. putida KT2440 .
9
Such induced expression of the ABC transporter in P. putida Δgcd mutant could thus lead to 10 the inverted substrate preference observed in the last co-utilization experiment.
11
Small amounts of extracellular glucose were detected in all the cultures with P. putida 12 EM42 Δgcd mutant grown on cellobiose (Figs. 2D, 6C, 6D , and S4). Cellobiose streamed into Stephanopoulos, G., 2007. Challenges in engineering microbes for biofuels production.
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